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MASS DISTRIBUTION OF ORBITING MAN-MADE SPACE DEBRIS 
T. Dale Bess 
Langley Research Center 
SUMMARY 
Three ways of producing space debris have been considered, and data were analyzed 
to determine mass  distributions for man-made space debris. The three ways were hyper- 
velocity (3.0 to 4.5 km/sec) projectile impact with a spacecraft wall, high-intensity 
explosions, and low-intensity explosions. The hypervelocity projectile impacts were ex- 
periments completed recently at the Langley Research Center. Data analyzed from low- 
intensity and high-intensity explosions were taken from the literature. 
Two types of mass  distributions prevail. For hypervelocity projectile impact of a 
spacecraft wall, the number of fragments fits a power law. The number of fragments fo r  
both high-intensity and low-intensity explosions fits an exponential law. However, the 
number of fragments produced by low-intensity explosions is much lower than the number 
of fragments produced by high-intensity explosions. Fragment masses down to lo-' gram 
were produced from hypervelocity impact, but the smallest fragment mass  resulting from 
an explosion appeared to be about 10 milligrams. Velocities of fragments resulting from 
hypervelocity impact were on the order of 10 meters  per  second, and those from low- 
intensity explosions were on the order of 100 meters per  second. Velocities of fragments 
from high-intensity explosions were much higher, about 3 kilometers per  second. 
INTRODUCTION 
Our near-Earth space environment has been the subject of intense studies by space 
scientists for many years. One such study has been concerned with the near-Earth natural 
meteoroid environment. Observable meteors can, in a sense, be referred to a s  natural 
space debris which have been captured by the Earth's gravitational field. Most meteoroids 
a r e  small and enter the Earth's atmosphere at very high velocities. Intense heating and 
consequent evaporation take place, and most meteoroids a r e  burned up in the atmosphere. 
By observing natural space debris with ground-based radar, ballistic cameras, and spec- 
trographic cameras, scientists have been able to learn much about them, such a s  compo- 
sition, orbits, fluxes, velocity distributions, near-Earth spatial densities, and hazard 
potential to orbiting spacecraft. 
With the beginning of the space age in the late 19501s, another kind of space debris 
(man-made) was added to our near-Earth environment. This man-made debris includes 
all satellites and associated par ts  in near-Earth orbit. Of course, these satellites and 
other large par ts  can be tracked with ground-based radar. However, events capable of 
breaking up a spacecraft into a number of smaller pieces can occur., Impact of a space- 
craft with a meteoroid would produce small fragments. Over the past several years, a 
number of explosions of orbiting spacecraft have been observed. Such explosions can 
produce many fragments too small to be detected by ground-based radar, which is  limited 
to tracking objects on the order of 10 centimeters and larger. Thus, i t  i s  highly probable 
that many undetected small  fragments a r e  in near -Earth orbit. Man-made debris is  prob- 
ably already more of a hazard to manned and unmanned spacecraft than natural space de- 
bris  (ref. I), and the number of man-made fragments i s  likely to increase. 
With these thoughts in mind it  becomes important to be able to  estimate how many 
fragments, large and small, a r e  produced when an explosion o r  hypervelocity impact 
occurs. It is  obvious that ground-based radar cannot detect all  fragments. There a r e  
two apparent methods of estimating the number and s izes  of these small fragments. The 
best and direct method would be to  fly an experiment which could monitor these fragments. 
A more practicable method, which is used in this report, is  to analyze data from controlled 
explosion experiments and from hypervelocity impact tests  of spacecraft walls. Data for  
hypervelocity impacts were obtained from recent experiments at the Langley Research 
Center, and data for spacecraft explosions a r e  taken from the literature. This report de- 
scribes the collection of data and an analysis that estimates the mass  distribution of de- 
br is  from these events. 
SYMBOLS 
A9 a9b9 c constants 
d shell internal diameter, centimeters 
E energy per  unit mass, joules per  gram 
k constant in equations (12) and (13), per  centimeters 7/6 
m c mass  of charge, grams 
m f mass of fragment, grams 
initial shell mass, grams 
total mass of sample, grams 
cumulative fragment number 
high cumulative number 
low cumulative number 
constant in equation (4) 
number of fragments from sample 
function defined in te rms of charge -mass ratio (eqs. (3)) 
surface area, centimeters2 
shell thickness, centimeters 
radial velocities of fragments from high-intensity explosions, centimeters per  
second 
characteristic size, centimeters 
constant used in equation (11) 
charge density, grams per  centimeter3 
density of fragment, grams per  centimeter3 
shell density, grams per  centimeter3 
A bar over a symbol denotes average value. 
MASS DISTRIBUTION OF FRAGMENTS PRODUCED FROM HYPERVELOCITY 
PROJECTILE IMPACT WITH SPACECRAFT WALL 
Description of Tests 
To determine the mass distribution of fragments that result when a spacecraft wall 
is struck by a hypervelocity object, a simulated spacecraft wall was impacted with hyper- 
velocity projectiles. The experiment utilized an air-reservoir  light-gas gun with a 0.22- 
caliber launch tube. Two such tes ts  were made. In the first test the gas gun fired a 
1.65-gram, 0.56-centimeter-diameter, steel cylinder into the spacecraft wall. The mea- 
sured projectile velocity was 3.0 kilometers per  second. In the second test the gas gun 
fired a 0.37-gram, 0.56 -centimeter -diameter, aluminum cylinder into the spacecraft wall, 
The projectile velocity was not measured but was estimated from similar shots to be 4.5 
kilometers per  second. 
A photograph of the simulated spacecraft wall i s  shown in figure 1. This particular 
photograph was taken after 'the first test  had been completed. The spacecraft wall con- 
sisted of an insulated fiberglass wall in back of which were a number of electronic boxes 
containing resistors,  capacitors, etc. t o  simulate a typical spacecraft wall. The simulated 
wall was placed on a table in front of the gas gun. A plywood enclosure surrounded the 
experiment to contain the debris. The events taking place during impact were 
photographed. 
Figure 2 i s  a photograph from the f i rs t  test showing the simulated spacecraft wall 
in front of the light-gas gun. Figure 2(a) was taken before firing the gun and figure 2(b) 
i s  just after firing the gun. Some fragment debris can be seen lying on the table where it  
fell. Figure 3 i s  an enlarged picture of the simulated wall showing where the projectile 
entered. The steel cylinder penetrated the f irs t  electronic box, deviated from its straight- 
line trajectory, and penetrated the fiberglass wall to the left of the second electronic box. 
The setup for the second test was similar to the f irs t  except that the electronic box was 
removed from the rea r  of the spacecraft wall and solar cells were mounted in front of the 
wall. The f irs t  test produced 13.85 grams of debris from penetration of the spacecraft 
wall by the steel cylinder. In the second test the aluminum cylinder penetrated one elec- 
tronic box but stopped before reaching the fiberglass wall and solar cells. A total of 8.20 
grams of debris was recovered from the second experiment. The floor of the plywood 
enclosure surrounding the experiments was covered with clean plastic. Since the frag- 
ments produced were traveling too slow to  embed in the plywood, they settled on the plas- 
tic. A soft brush was used to sweep the fragments into a pile. The collected fragments 
were then placed in paper containers. 
Fragment Velocities 
Velocities of fragments produced by hypervelocity projectile impact were very low 
compared with the projectile velocity. The fragment velocities, measured from a 400- 
frame-per-second film str ip that showed fragment movement, were from about 10 to 30 
meters  per  second. 
Fragment Samples 
In each experiment the debris was separated into five samples according to size. 
The size of fragments in each sample i s  based upon a characteristic s ize of a gridded 
sieve which allows all fragments of that sample to pass through. If the size of fragments 
from a sample i s  known, then the number of fragments i s  found by dividing the total mass  
of the sample by the mass of a fragment from the sample. 
The mesh diameters of the gridded sieves used were 0.0105 centimeter, 0.0438 cen- 
timeter, 0.1396 centimeter, and 0.5188 centimeter. The smallest sieve would pass any 
fragment with dimensions less  than 0.0105 centimeter, that is,  with a characteristic s ize 
of 0.0052 centimeter. Fragments from the second sample had dimensions between 0.0105 
and 0.0438 centimeter, that is, a characteristic size of 0.0271 centimeter. Characteristic 
size of fragments from the third and fourth samples was 0.0917 centimeter and 0.3292 
centimeter, respectively. The fifth sample consisted of only a few fragments greater than 
0.5188 centimeter. Therefore, dimensions and number of fragments could be determined 
directly. 
Shape of Fragments 
Visual estimates of sample fragments show that most fragments were irregularly 
shaped, flat plates. About 15 percent had a length-width ratio of approximately 5. The 
other 85 percent had a length-width ratio of about 2. In both cases the thickness was about 
one-fourth the width. Some of the sample fragments a r e  shown in figure 4. 
For  the longer fragments the mass i s  
and the surface area  is 
where w is  the characteristic size of a sample fragment that will pass through a partic- 
ular mesh and pf i s  the density of a fragment. On the basis of an average density of 
various fragment materials, pf i s  estimated to be 2 grams per  centimeter3. For  the 
short fragments the mass is  
and the surface a rea  is  
The mass  of a fragment based on the characteristic s ize of a sample i s  
The surface area  of a fragment from a sample is  
The number of fragments in a sample is  
where mt is  the total mass of a sample. 
After the number of fragments from each sample has been determined, a distribution 
of the cumulative number of fragments with masses equal to o r  greater than a particular 
value can be obtained. The primary purpose of the following analysis i s  a determination 
of mass distribution. 
Analysis 
After debris from each of the two tes ts  was separated into five samples according to  
size, the number of fragments in each sample was plotted a s  a function of fragment mass,  
Data from both tests  showed a linear trend when plotted on full logarithmic coordinate 
paper. Table I gives a summary of data collected from the five samples of each test. 
Data from both experiments were fitted by the method of least squares to a straight 
line of the form 
where Y = In N and X = In mf, A = In a and b a r e  constants, and N i s  the cumula- 
tive number of fragments with a mass equal to  or greater than mf. In power law form, 
equation (1) has the form 
The solutions to equation (1) a re  
For  the first  test, 
For  the second test, 
The foregoing solutions, a s  well as experimental points for the two tests, a r e  shown 
in figure 5 in which cumulative fragment number i s  plotted a s  a function of fragment mass. 
It can be seen that fragment number ranges from 1 to  106 while fragment mass ranges 
from about 1 gram to  about gram. Thus, an isolated hypervelocity projectile impact 
of a spacecraft wall i s  expected to produce a large number of fragments. Most a r e  very 
small. Only about 150 fragments exist with a mass greater  than 10 milligrams. Most of 
these small fragments cannot survive very long unless they a r e  in very high orbits. (See 
ref.  2.) 
MASS DISTRIBUTIONS OF FRAGMENTS FROM SPACECRAFT EXPLOSIONS 
Explosion Types 
Explosions which can produce fragments in space a r e  discussed in this report and 
a r e  classified a s  either high-intensity explosions or  low-intensity explosions. In this r e -  
port a high-intensity explosion is defined a s  one in which an explosive charge is  in contact 
with some par t  of the spacecraft structure. Explosions of this type produce many small 
fragments which cannot be tracked with ground-based radar. A low-intensity explosion is  
one in which an  explosive charge is not in direct contact with any spacecraft structure. 
Examples a r e  (1) pressure-vessel explosions and (2) fragmentation caused by the shock 
wave and impacting fragments from a high-intensity explosion occurring some distance 
from the spacecraft. Explosion of a partially filled fuel tank, in which compressed gases 
from burned fuel produce fragments, would be considered a low-intensity explosion a s  
defined in this report. Many of the large fragments that can be tracked with ground-based 
radar a r e  probably produced by these low -intensity explosions. 
Fragment Velocities 
Initial velocities of fragments produced by low-intensity and high-intensity explo- 
sions can range from a few meters  per second to a few kilometers per  second. When a 
metal casing filled with an explosive charge is detonated, it expands before fragmenting 
(in some instances up to 50 percent in radius). (See ref. 3.) The metal casing is every- 
where moving outward with a velocity equal to the expansion velocity of the detonation gas 
in contact with the casing. For a cylindrical shell, fragments from the ends have much 
smaller velocities than fragments moving in a radial direction. 
The expression for  the radial velocities of fragments for  cylindrical and spherical 
shells of uniform thickness i s  given in reference 3 and, in the present notation, i s  
where E is the energy per  unit mass for  a particular explosive and R is  
For  a cylinder, 
For  a sphere, 
The function R is  given in t e rms  of the ratio of shell mass  to explosive mass (charge- 
mass ratio). 
In reference 3, steel casings of Brine11 hardness varying from 105 to  500 were 
tested. No significant effect of hardness on the initial velocities was found. 
The six high-intensity explosions reported in this report had charge-mass ratios 
mc/ms which ranged from 1.32 to  2.57. For pentolite the energy per  unit mass  E is  
4.2 X lo3 joules per  gram. Substituting these values of E and mc/ms into equation (2) 
results in fragment velocities ranging from 2.58 to  3.07 kilometers per  second. 
The velocities of fragments from low-intensity explosions a r e  much smaller than 
velocities of fragments that a r e  in direct contact with an explosive charge (ref. 4). Fig- 
ures  5 and 6 of reference 4 show maximum velocity of side-wall fragments as a function 
of fuel-tank pressures from low-intensity tank explosions in which fragment pieces a r e  
accelerated by gas pressures in tanks. These fragment velocities range from about 100 
to  about 600 meters per  second depending on tank-wall thickness. 
High-Intensity Explosions 
Fragment data.- To determine fragment mass distributions from high-intensity ex- 
plosions, data from six thin-walled cylindrical shells subjected t o  high-intensity explosions 
were analyzed. These thin shells were analyzed because they had about the same wall 
thickness a s  the outer wall skin of many spacecraft. It i s  shown subsequently in this r e -  
port that the number of fragments produced by these high-intensity explosions i s  dependent 
on shell thickness and internal diameter. The fragment data analyzed were taken from 
reference 5. The six tests  a r e  designated shots 3, 5, 9, 10, 11, and 12 to correspond to 
their designation in reference 5. 
Data used in this report a r e  listed in tables II and 111. Table II l ists pertinent physi- 
cal characteristics of shell and charge. Table 111 lists the number of fragments occurring 
in various mass  ranges for each shot. All six tests used SAE 1015 steel with a Brine11 
hardness of about 210 a s  a shell material. The charge used in all  six shells was 50/50 
pentolite. 
The percent of the total shell mass  recovered a s  fragments weighing more than 30 
milligrams varied from about 52 percent for shot 3 t o  a high of 88 percent for shot 10. 
The shell and total fragment masses a r e  shown in table II. Fragments weighing less  than 
30 milligrams were not recovered in reference 5. A part  of the analysis in this report 
was to estimate the number of fragments weighing less  than 30 milligrams and to establish 
the cut-off s ize below which no fragments were produced. 
Distribution law.- Data in table 111 were used in determining a distribution law for 
each of the six tests. Results from fragmentation theory of shells suggest that fragment 
cumulative number from each test should be plotted a s  a function of the square root of 
fragment mass. (See ref. 6.) The data showed a straight-line trend when plotted on semi-  
logarithmic coordinate paper. When fitted by least squares to  a straight line, cumulative 
number for each test had the form 
where Y = ln N, X = m:/2, and A = ln No and c a r e  constants. In exponential form 
the equation is 
In equation (4), N is cumulative number of fragments with mass equal to  or  greater than 
some mf. The mass  mf i s  in milligrams. Equation (4) has the same form as fragment 
mass distribution laws based on theoretical considerations. The results for the six tes ts  
a r e  
Numerical subscripts refer  to  shot number. 
Total number of fragments. - The smallest fragment mass recovered from any of the 
tests  was 30 milligrams. The total mass of fragments recovered ranged from about 52 
percent to 88 percent of the total mass of the unfragmented shells. Assuming that any un- 
recovered fragments follow the same distribution a s  recovered fragments, the following 
procedure i s  used to estimate the total number of fragments produced and the minimum 
fragment mass that might be expected. 
For  an exponential law the cumulative number for a given test i s  given by equa- 
i tion (4). Taking logarithms of both sides of this equation results in 
The function f i s  defined a s  
The average of f between Nh and Nz (Nh and Nz a r e  high number and low number 
in a given interval, respectively) is 
Let N/No = B; then dN = No dB. Equation (6) becomes 
Let the difference between Nh and Nz be unity; that is, 
Nh - Nz = 1 
Integrating equation (7), substituting equation (8), and squaring give 
Equation (8) allows setting T~ equal to iiif with a high degree of accuracy. 
Equation (9) determines the average mass  for any interval. Summed over al l  inter- 
vals, equation (9) becomes 
In the limits of this summation, Nh varies from Nh 2 2 to  Nh = No where No is a 
constant. Equation (10) can be used to estimate the combined mass of all  fragments in a 
given distribution. 
To estimate the total number of fragments produced and the minimum fragment 
mass, equation (10) was applied to the fragment distribution equations of six thin-walled 
shells subjected to  high-intensity explosions. The constant (No and c) were derived 
from least-squares solutions of the data from the six experiments. When the summation 
was less  than the original mass of the shell, the cumulative number was incremented and 
the summation repeated. In applying equation (lo), summation was stopped when the orig- 
inal mass  of the shell was equaled o r  exceeded. 
? 
i A comparison of cumulative fragment number based on the minimum recovered 
I mass given by equation (5) with cumulative fragment number based on initial shell mass 
i given by equation (10) i s  presented in table IV. For shots 5, 10, and 11, cumulative num- 
I bers based on equation (5) a r e  larger  than cumulative numbers based on equation (10). 
t For these explosions the summation of average fragment masses equaled the original shell 
mass a t  a point where the smallest fragment mass  in the summation was slightly larger 
I than the smallest fragment recovered from the data. This indicates that the least-squares 
solution for  shots 5, 10, and 11 may have overestimated the number of larger fragments. 
I 
When plotted on semilogarithmic paper a s  a function of the square root of fragment 
mass, the cumulative number from shots 5, 10, and 11 shows appreciable scatter in the 
data. Data from the other three shots (3, 9, and 12) show very little scatter.  As a conse- 
quence, the exponential distribution law does not represent data from shots 5, 10, and 11 
a s  well as it  does the data from shots 3, 9, and 12. 
For  shots 3, 9, and 12, the summation of average fragment mass  equaled the original 
shell mass at a point where the smallest fragment mass  in the summation was smaller 
than the smallest fragment recovered from the data. The smallest fragment mass  from the 
summation was about 10 milligrams for shot 3. It is probable that these lower fragment 
masses were produced but not recovered. Assuming that the least-squares solution accu- 
rately represents the data, it appears that fragment masses on the order of 10 milligrams 
a r e  the lower limit in these high-intensity explosions. 
These large cumulative numbers and small  fragm,ent masses a r e  due in part  to the 
steel shells being very thin. In general, if thickness is increased while keeping internal 
diameter constant, the total number of fragments decreases. These points a r e  discussed 
in the following section in which distributions of experimental data a r e  compared with the- 
oretical fragment distribution laws for  high-intensity explosions. 
Comparison of experimental data with fragmentation theory.- The theoretical equa- 
tion for cumulative number distribution for  fragmentation of thin cylindrical shells due to  
high-intensity explosions is given in reference 6 and, in the present notation, i s  
where ms  i s  the initial shell mass  and p i s  defined, in t e rms  of shell thickness t, in- 
ternal diameter d, and a constant k, a s  
In te rms of charge-mass ratio, p i s  
where mc i s  the mass  of the charge, pc i s  the charge density, and ps i s  the shell 
density. 
The least-squares solutions fo r  the six shots have the same form a s  the theoretical 
equation; that is, 
where c and No a r e  both determined. If c i s  equated to  ( l / j ~ ) ' / ~  then p = ( l / ~ ) ~  
i s  determined, and it  i s  possible to determine how ms/2p in the theoretical equation 
compares with No from the least-squares solution. If p and the shell dimensions a r e  
known, sufficient information exists to determine the parameter k. For purpose of com- 
parison, table V l is ts  No and ms/2p for the six shots. The quantities , k, and 
mc/ms a r e  also listed. 
In table V, ms/2p from theory is, in general, smaller than No f rom the six 
shots. The calculated value of k is  listed for each charge-mass ratio of the six experi- 
ments. The parameter k has a tendency to  decrease with increasing charge-mass ratio. 
For  the four experiments having high charge -mass ratios (2.3 to  2.5), the average for k 
is 0.28, For  the two explosions having low charge-mass ratios (1.3), the average for k 
is about 0.35. Once k is determined for  any charge-mass ratio, p is also determined. 
When p is determined, the theoretical distribution equation can be used to estimate the 
number of fragments produced in a high-intensity explosion. One advantage of using the 
theoretical equation is that it applies t o  shells of different thicknesses.\ On the basis of 
comparison between theory and experiment, theory is conservative (at least when com- 
pared with the six experiments in this report) in that it tends to  underestimate the total 
number of fragments produced. 
Low-Intensity Ekplosions 
The distribution law for low-intensity explosions must be obtained from experiment. 
Data from low -intensity explosions can usually be fitted to  a distribution having the same 
form a s  the distribution law for high-intensity explosions if the mass  range over which the 
data apply i s  not too large. The distribution curves of low-intensity explosions a r e  usually 
not as steep. In this section, one such low-intensity explosion i s  analyzed. 
Reference 4 lists some data from tank fragmentation of an Atlas missile. The frag- 
mentation test produced 1337 fragments. In reference 4, only 1108 locations were consid- 
ered since some locations contained more than one fragment. The data were grouped and 
analyzed t o  determine their mass distribution. Three large missile pieces ranging in 
mass from 136 to 445 kilograms, which were not part  of the main fragmentation, were not 
counted. The res t  of the fragments ranged in mass from about 0.5 gram to about 54.5 
kilograms. 
Figure 6 shows histograms taken from reference 4 that show how the fragments a r e  
distributed over various mass  ranges. Figure 6(a) i s  the distribution over the mass range 
from 0 t o  2270 grams. Figure 6 (b) i s  the distribution from 0 to 54.5 kilograms. Inspec - 
tion of these histograms shows that most fragments a r e  in the lower mass  range. About 
91 percent of all  fragments a r e  in the mass  range from 0 to 2270 grams, and 68 percent 
a r e  in the mass range from 0 to 227 grams. 
Figure 7 i s  cumulative fragment number from the histograms plotted a s  a function 
of the square root of the fragment mass. This mass  distribution contains 1108 fragments. 
For  the lower mass range where larger  fragment numbers prevail, the slope becomes 
steeper. This occurs a t  a fragment mass  of about 1000 grams. Thus, for the Atlas ex- 
plosion, the distribution law of cumulative fragment number a s  a function of the square 
root of the fragment mass  does not hold over the total fragment mass range. 
Separate distribution curves taken from the histograms in figure 6 a r e  shown in fig- 
u re  8. The distribution curve for  the lower fragment mass  range (0 < mf 5 2270 grams) 
has the form 
The dashed line shows how the slope of the distribution of all fragments becomes steeper 
for fragment masses smaller than about 1000 grams. 
Figure 9 i s  a comparison of the distribution of the smaller fragments from fig- 
u re  6(a) with a distribution curve from one of the high-intensity explosions (shot 12). One 
such high-intensity explosion could add about 5000 small  fragments to the distribution. 
Figure 9 shows that the cumulative distribution of fragments from a high-intensity explo- 
sion has a much steeper slope than the fragment distribution from a low-intensity explo- 
sion. The dashed curve in figure 9 represents a superposition of the two distributions. 
As stated previously in the report, fragment masses on the order of 10 milligrams a r e  
about the smallest significant fragments produced in one of these high-intensity explosions. 
In summary, figures 7, 8, and 9 show the nature of the distribution curve when an 
explosion such a s  the tank fragmentation of an Atlas missile occurs. The cumulative dis- 
tribution curve of al l  fragments shows an increase in steepness a t  small fragment masses, 
FRAGMENT DEBRIS AND SPACECRAFT HAZARD 
The purpose of this report i s  to  estimate the distribution of fragments, large and 
small, that a r e  produced when hypervelocity impact or  explosions occur on orbiting space- 
craft. How these fragments a r e  dispersed, how long they will. survive in orbit, and the 
probability that an orbiting spacecraft will be hit by one of these fragments a r e  subjects 
of another paper. (See ref.  1.) However, many thousands of fragments which cannot be 
observed a r e  produced when a hypervelocity impact o r  explosion occurs. Taking into con- 
sideration the specific orbits of the spacecraft, these fragments vary in velocity relative 
to the spacecraft from about 4 kilometers per  second to about 11 kilometers per second. 
With this range of velocity the untrackable fragments a r e  capable of causing spacecraft 
damage. Nearly all fragments from hypervelocity impacts discussed in this report a r e  
too small to  penetrate spacecraft walls but could cause other damage, such a s  pitting of 
surfaces. Fragments with masses on the order  of 10 milligrams a r e  about the smallest 
significant fragments produced from explosions. They travel at high velocities, and the 
number of fragments i s  high (about 5000 fragments for  a high-intensity explosion). All 
these explosion fragments a r e  capable of causing damage and even of penetrating space- 
craft walls. 
CONCLUDING REMARKS 
Three ways of producing space debris have been considered and data analyzed t o  
determine mass  distributions. The three ways were hypervelocity impact of a spacecraft 
wall, high-intensity explosions, and low-intensity explosions. Two types of mass  distri- 
bution laws were applied to  experimental results: power law and exponential law. Thou- 
sands of these debris fragments a r e  too small to be observed but have sufficient size and 
velocity to cause damage t o  spacecraft if an encounter occurs. The presence of these 
small fragments should, therefore, be considered for any planned long-duration near- 
Earth space experiment having an orbit intersecting orbits of man-made debris. 
Most fragments from hypervelocity impact with a spacecraft wall were irregularly 
shaped, flat plates with a thickness of about one -fourth the width. The cumulative number 
a s  a function of fragment mass  fits a power law of the form N = amfb, where N is  
cumulative number, mf i s  fragment mass, and a and b a r e  constants. For  impact 
of a 1.65-gram projectile, 13.85 grams of debris was produced, and fragment masses 
ranged from about 1 gram to gram while the number of fragments ranged from 1 to  
lo6. Velocities of fragments were very low (about 10 t o  30 m/sec). 
The number of fragments from high-intensity explosions analyzed fits an exponential 
1/2 
- cmf 
law of the form N = No e , where No and c a r e  constants. Fragment masses 
greater than about 10 milligrams account for  al l  the debris mass in these high-intensity 
explosions. For the data analyzed, cumulative fragment number reached about 5000 while 
the mass of fragments ranged from about 1 gram down t o  10 milligrams. Velocities of 
fragments from these high-intensity explosions a r e  large, about 3 kilometers per  second. 
Low-intensity explosions analyzed tend to follow the same kind of distribution law a s  
high-intensity explosions, but the slopes a r e  not a s  steep. If both low -intensity and high- 
intensity explosions occur, a cumulative distribution curve of all fragments would become 
steeper at small fragment masses. These small fragments cannot be tracked, but they 
add significantly to the number of fragments capable of producing spacecraft damage. 
Langley Research Center 
National Aeronautics and Space Administration 
Hampton, Va. 23665 
December 2, 1975 
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TABLE I. - SUMMmY OF DATA FROM IMPACT TESTS 
Characteristic size 
of fragment, w, cm 
Number of 
fragments, n Sample 
Surface area of 
fragment, S, cm 2 
First  test 
Total sample 
mass, mt9 g 
Mass of fragment, 
mf9 g 
1 
2 
3 
4 
5 
5.2 X 10-3 
2.7 x 10 -2 
9.2 x 
3.3 X 10-1 
9.0 x 10-I 
0.33 
-80 
1.90 
2.90 
7.92 
Second test 
1.7 X 
2.4 x lo-s  
9.5 x lo-4 
4.4 X 10-2 
8.8 x 10-I 
1.9 X 106 
3.3 x lo4 
2.0 x lo3 
6.6 X 101 
9.0 x lo0 
1.8 x lo-4 
4.8 x lo-3 
5.6 x 
7.2 X 10-1 
5.3 X loo 
1 
2 
3 
4 
5 
1.7 X lo6 
2.5 x lo4 
1.6 x lo3 
7.5 x lo1 
5.0 x loo 
0.30 
.60 
1.50 
3.30 
2.50 
1.8 X 
4.8 x lo-s 
5.6 x 
7.2 x 10-I 
- 
3.6 X loo 
1.7 x 
2.4 x lo-5 
9.5 x lo-4 
4.4 x 1 0 - ~  
5.0 x 10-I 
5.2 x 
2.7 X 10 -2 
9.2 x 
3.3 x 10-I 
7.4 x 10-I 
TABLE II. - DIMENSION AND WEIGHT DATA FOR SHELLS AND EXPLOSIVE CHARGE 
Charge-mass 
ratio, mc/ms 
2.5 
1.3 
2.3 
1.3 
2.6 
2.5 
Charge mass, 
mc, g 
261.2 
256.3 
253.9 
254.1 
890.6 
890.6 
Shot 
3 
5 
Total fragment mass 
recovered, g 
54.9 
165.7 
73.5 
170.0 
252.5 
254.0 
Number of 
fragments recovered 
8 56 
1230 
1052 
1276 
27 10 
2772 
Shell mass, 
ms, g 
105.6 
193.4 
6.7 
12 6 .'7 
thickness, 
t, cm 
0.10 
.17 
109.9 
193.1 
346.5 
352.6 
diameter, 
d, cm 
4.4 
4.4 
Mass range, mg Mass of fragment, 
mf, mg Shot 3 
Number of fragments for - 
Shot 5 Shot 9 Shot 10 I Shot r" 11 Shot 12 
TABLE IV. - FRAGMENT CUMULATIVE NUMBER FROM HIGH-INTENSITY EXPLOSIONS 
Minimum fragment 
mass  calculated, mg 
10 
4 2 
24 
48 
3 0 
24 
Cumulative number based on 
initial shell mass (eq. (10)) 
3229 
1525 
1924 
13 57 
4197 
4756 
Minimum fragment 
mass recovered, mg 
30 
3 0 
30 
30 
3 0 
3 0 
- 
Shot 
3 
5 
9 
10 
11 
12 
Cumulative number based 
on recovered mass (eqs. (5)) 
1083 
1900 
1469 
1914 
480 1 
3830 
TABLE V.- COMPARISON OF THEORETICAL AND 
EXPERIMENTAL PARAMETERS 
mc/m, 
2.5 
1.3 
2.3 
1.3 
2.6 
2.5 
k, g1/2/cm7/6 
0.30 
.34 
.31 
.35 
.24 
.28 
P 9  g 
0.00513 
.01750 
.00565 
.01815 
.00786 
.01050 
Shot 
3 
5 
9 
10 
11 
12 
*o 
12 142 
7 038 
14 709 
6 921 
33 880 
20 743 
ms/2P 
10 283 
5 525 
7 919 
5 318 
22 047 
16 790 
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Figure 1. - Simulated spacecraft wall. 
(a) Before firing the gun. (b) After firing the gun. 
Figure 2. - Spacecraft wall in front of gas gun, 
Figure 3. - Spacecraft wall showing pellet penetration. 
Figure 4,- Size of fragments from five samples. 
0 Firs t  tes t  
0 Second test  
l o 0 [  I 1 1 ' 1 1 1 1  I  I  I I I I 
1 0 - ~  10-2 10-I lo0 
Fragment mass,  g 
Figure 5. - Cumulative fragment mass distribution from meteoroid impact 
of spacecraft wall. 
Fragment mass, g 
(a) Fragments with mass less  than 2270 grams. 
Figure 6. - Mass distribution of fragments from tank explosion from Atlas missile. 
Fragment mass, kg 
(b) Fragments with mass less than 54.5 kg. 
Figure 6.  - Concluded. 
0 
loo 0 
1/2 g1/2 (Fragment mass) , 
fragments from explosion of tank 
from Atlas missile. 
Figure 7. - Cumulative mass distribution of 
0 Number of fragments, 0 < mf S 2270 g 
A Cumulative number of fragments, mf > 2270 g 
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1/2 g1/2 (Fragment mass) 
Figure 8. - Distribution curves fo r  mass  ranges from 0.5 t o  2270 g rams  and 
from 2.270 to  45 kilograms. 
0 Distribution of fragments (low-intensity explosion) 
0 < mf 5 2270 g 
0 Cumulative distribution from high-intensity 
explosion (shot 12) 
1/2 gl/2 (Fragment mass)  , 
Figure 9. - Mass distributions of fragments from a high-intensity explosion and a 
low -intensity explosion in the low mass  range. 
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